University (Katsura compus, Nishikyo-ku, Kyoto 615-8540, Japan) 2 Member of JSCE, Dr. of Eng., Prof., DPRI, Kyoto University (Yoko-oji, Fushimi, Kyoto 612-8235, Japan) 3 Member of JSCE, Dr. of Eng., Assoc. Prof., DPRI, Kyoto University (Yoko-oji, Fushimi, Kyoto 612-8235, Japan) 4 Member of JSCE, Dr. of Eng., Assis. Prof., DPRI, Kyoto University Fushimi, Japan) Recently, there have been a lot of numerical models for prediction of urban inundation damage due to heavy rainfall by using the combined drainage system. Although it is important to estimate inlet and overflow discharge through the storm drain, calculation method and formula are not clarified. Hence, in this study, the numerical model of storm water interaction between the ground surface and drainage system we have previously used is improved and validated based on physical experiments. From the comparison, they showed agreement in all the cases of steady state condition. In the unsteady state cases, it was found that simulation results agreed well with experimental results of the ground inundation start time and the maximum inundation depth as well as the water level increase process. However, piezometric head reproduced small differences when the downstream water level was decreased. It was judged that was caused by inadequate consideration of exit and entrance head loss between the tank and pipe.
INTRODUCTION
Urban inundation due to climate change and heavy rainfall is one of the most common natural disasters worldwide. In Japan, many inundation disasters that occurred by local torrential rainfall during a short period of time reinforced the need for accurate models to simulate flooding. Many researchers have developed a lot of numerical simulation models in order to predict and prevent the urban inundation caused by heavy rainfall.
As for the calculation of urban inundation, various researches have been carried out. Hsu et al. 1) developed the combined model for inundation simulation by coupling the SWMM model and 2D diffusive overland flow model. However, it could not deal with detailed information such as inundation zones and depths caused by surcharged water. Duchesne et al. 2) demonstrated the efficiency of real time control (RTC) to decrease storm overflows from combined sewers to receiving waters, but they didn't consider exchange discharges between the ground surface and the sewerage system. Akiyama et al. 3) developed a dynamic network model for free-surface-pressurized flows combined with the Preissmann slot to simulate a closed conduit. Although this model could predict the poor drainage areas and pressurized positions in the sewer pipes, there was no interaction model that can exchange the discharge between ground and sewer pipes. Leandro et al. 4) pointed out that involving the linking elements sewer/surface and the inclusion of virtual manholes were key factors for setting up a more accurate combined model.
The research group of authors has been making an effort to develop and to improve an integrated model. It consists of a 2D inundation model on the ground surface and a 1D network model of sewer pipes; a sub-model combines those two models and exchange storm water between the ground surface and the sewerage system. 5 ) That sub-model employed the step-down formula and overflow formula, but it was found that this sub-model overestimates storm water interaction discharge from comparison with experimental results.
6) Lee et al. 7) focused on drainage discharge from a storm drain and improved the interaction sub-model by placing those formulas into the weir and orifice formulas, and after that suggested suitable coefficients to calculate exchange discharge.
In this study, experiments are carried out using the improved Kawaike's experimental setup, which can measure a stable piezometric head of sewer pipe. The 1D sewer pipe model can consider whether the local head loss between the tank and pipe are validated under the various experimental conditions, such as steady and unsteady conditions, for the development of integrated urban inundation model. Fig. 1 shows the experimental setup, which consists of three parts that are rainfall simulator, ground surface, and sewer pipe system. Seven cameras are used to record each experimental result, such as water level variation of upstream and downstream tank, change of piezometric head in the pipe and inundation depth on the ground. Experimental scale is assumed to be 1/20 based on the Froude similarity law.
EXPERIMENTAL SETUP
The rainfall simulator is the equipment spraying water to the ground surface by 20 nozzles. The outside of that nozzle and ground space is surrounded by a transparent curtain so that all the sprayed water can be supplied to the ground surface. According to the assumed experimental scale, experimental rainfall of 30mm/hr is equivalent to rainfall of 130mm/hr approximately in prototype scale. However, a rainfall simulator was not used in this study because it was estimated that the amount of rainfall was too small for inundation to occur according to several tests.
The ground surface part has a flat inundation basin of 10m long and 2m wide, on which there are roadway of 0.5m wide, sidewalk of 0.15m wide, 10 buildings on their both sides and 20 storm drain of 0.05m×0.05m size on the roadway. The storm drain is cover of a drain box of 0.05m×0.05m×0.05m size and 10 drain 
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boxes of each side are connected by drain channel of 0.015m×0.025m connection area size and the length is 0.95m or 0.415m.
One circular pipe of 0.05m diameter and 1/714 slope is set up just below the flat inundation basin. This pipe can be divided into 12 segments, and each segment has the piezo tube as shown Fig. 1 . Fig. 2 shows the cross section of experimental setup. Dark blue line is connection tube between roof of building and sewer pipe and light blue line connects a drain box and sewer pipe. Fig. 3 shows the schematic of the rainfall-runoff process. The storm water given on the building roof is directly drained into the sewer pipe through the drainage tube from the holes at the center of each building roof. Contrastively, storm water on the ground surface is flowing into drainage box through the storm drain on both sides of the roadway, and discharged from the bottom of the drainage box into the sewer pipe through the drainage tube. The drain channel connects all the drainage boxes on one side of the roadway. If the piezometric head in sewer pipe increases more than the elevation of the drainage box, storm water conversely flows backward from the sewer pipe onto the ground surface through the connection tube and storm drain. The water level of the downstream tank (no. 13 segment) can be adjusted by the movable weir. Storm water stored in the downstream reservoir is circulated to the upstream end and added as the inflow discharge by the circulation pump.
NUMERICAL SIMULATION
Several observations around experimental equipment were made regarding the change of upstream discharge and downstream water level.
Numerical simulation model used this study consists of horizontal 2D inundation flow model, 1D slot model of storm drain channel and 1D slot model of sewer pipe flow, 8) and estimates interaction flow discharge between the ground surface and the sewerage system using the weir and orifice formulas.
(1) 2D inundation flow model
The governing equations used for 2D inundation flow model are as follows:
where h is water depth, H is water level, u, v are x, y directional velocity, M (=uh), N (=vh) are x, y directional flow flux, r e is effective rainfall, q box is drainage flow discharge from the ground surface to the drainage box per unit area (if its value is negative, that means surcharge flow discharge), g is gravity acceleration, n is Manning's roughness coefficient (n=0.012, adopted for the drain channel in this study). Computational meshes are rectangular shape (△x = 5cm, △y = 5cm) and Finite Difference Method is adopted.
(2) 1D drain channel model
A 1D flow simulation with a slot model is conducted to simulate the flow within a drain channel. The governing equations are as follows:
where A is the wet area of the cross section, Q is flow discharge, q' is inflow and outflow discharge in drainage box per unit length, u is velocity, R is hydraulic radius, and n is the roughness coefficient (n = 0.012, adopted for the drain channel in this study). H d is piezometric head (H d = z d +h), z d is bottom elevation of the drainage box, and h is water depth, determined as follows:
: (6) where w d is width of drainage box, h h is height of drainage box, A d is cross sectional area of drainage box, and B sd is slot width of drainage box, determined as follows:
a d is pressure wave speed for the drainage channel, and 3.0m/s is used in this study.
(3) 1D sewerage model
1D flow simulation with slot model is conducted to simulate the flow within a sewer pipe. The governing equations are as follows:
where A is wet area of the cross section, Q is flow discharge, q is lateral inflow discharge per unit pipe length, u is velocity, R is hydraulic radius, and n is roughness coefficient (n=0.011 is adopted for the sewer pipe in this study). H p is piezometric head (H p = z p +h), z p is bottom elevation of the sewer pipe, h l is the local loss ( /2g v 2 ), α is a head loss coefficient (α = 0.9 is adopted in this study), and h is water depth determined as follows:
where f is a function of relationship between water depth and wet area of the cross section of a circular pipe, A p is the cross sectional area of the pipe, D is pipe diameter, and B s is slot width determined as follows. 3.0m/s is used for pressure wave speed a of the sewer pipe.
(4) Interaction model between two models a) Interaction between the ground surface and drainage box
Storm water on the ground surface computational mesh with storm drain is drained through the drainage box. That drainage discharge is calculated by the weir and orifice formulas.
Weir formula:
Orifice formula:
where Q is drainage discharge from the ground surface into the drain channel, h m is water depth on the ground surface, and h d is the piezometric head of the drainage box. C dw and C do are the coefficients of the weir and orifice formulas, respectively, and the values of 0.48 and 0.57 7) are used in this study, respectively. B 0 is the smallest width of the storm drain, and L is the perimeter length of the storm drain. A is the cover area of the drainage box. Storm water is supposed to be immediately drained into the drainage box.
On the contrary, when the piezometric head exceeds the water level on the ground surface, storm water surcharge begins to occur from the storm drain. Surcharge flow discharge is calculated by the following overflow formula.
The negative sign on the right side denotes surcharge flow onto the ground surface. q box in eq. (1), q' in eq. (4), and q in eq. (8) are as follows, respectively.
(18) where S g is the computational mesh area on the ground surface, x d is the discretized length of one segment of drainage box, and x s is the discretized length of one segment of sewer pipe.
b) Drainage through drainage box and building roof
Storm water dropped on the drainage box, roof of building, and ground surface is separately treated 6) . In this study, the computational mesh size is very small for the drainage box and the roof of building area, and storm water is drained according to Eqs. (12) ~ (15). Storm water on the drainage box and the roof of building is immediately drained into the sewer pipe, but the overflow from sewer pipe into building roof is not considered.
VALIDATION OF NUMERICAL INTERACTION MODEL
Steady-state and unsteady-state experiments were carried out in this study. In the steady-state cases, the pressure wave speed and roughness coefficient were decided with the water surface profile and piezometric head of the sewer pipe under simple hydraulic conditions. In the unsteady-state case, applicability of the interaction model using the weir and orifice formulas, applying new coefficients, is validated with drainage and surcharge discharge.
(1) Steady state experiments
Two factors (upstream inflow discharge and downstream water level) of the experimental setup are combined, as shown in Table 1 , and those four steady-state experiments were carried out. In the experiments, water depth and piezometric head are measured by the piezo tube. Fig. 4 shows the comparison between the experimental and simulation results of the representative model. In all cases, the simulation results are close to the experimental results, even if the simulation results at the upstream parts were slightly overestimated. From those results, in steady-state cases, the slot model and interaction model, as well as new coefficients used in this study were validated to reproduce the water surface profile and piezometric head of the sewer pipe.
(2) Unsteady state experiments
In the unsteady-state experiments, the inundation process of surcharge flow, overland inundation, and drainage flow are made to happen by gradual ascent and descent of the downstream water level. Two cases of experiments were carried out, and Table 2 shows the experimental conditions. In Case I and Case II, two phenomena are measured. The first is the piezometric head at segments no. 3, no. 6, and no. 10. The second is inundation depth on the ground surface at upstream and downstream. Video cameras are used to record change of piezometric head in the pipe, inundation depth at the upstream, downstream, and change of water level at the downstream tank. Fig. 5(a) and (b) show the piezometric head comparison between experimental results and simulation results of Case I and II. According to simulation results, increasing time and decreasing time of piezometric head show the reasonable results without big difference. In addition, maximum head shows good agreement. However, there are small differences before the downstream water level is increased and after it has finished decreasing. This disagreement displays the trend that increased by the analogy of approaching upstream. These disagreement results can be analyzed in that upstream head loss between the tank and pipe was not meaningfully considered, even if velocity head loss term was involved in the momentum equation in the 1D pipe flow model. Also, Fig. 5(c) and 5(d) show the comparison of inundation depth.
Consequently, the suggested model well reproduced experimental results. However there is no meaningful difference between upstream and downstream inundation timing even though the upstream head loss of sewer pipe is higher than downstream. It can be judged that surface inundation was happened after the all drain channel and drain box were fully surcharged.
CONCLUSION
Experiments were carried out in this study in order to validate the storm water interaction model between the drain channel and sewerage, as well as between the ground surface and drain channel. Also, validation data were obtained and comparative simulation was conducted using that data.
In the steady-state cases, the weir and orifice formulas with new coefficients could reproduce the experimental results very well. However, the piezometric head at upstream was slightly overestimated and that trend was represented according to increasing input discharge. It is analyzed that the head losses between the tank and sewer pipe were not efficiently considered in this model, even if the velocity head loss term was involved in the momentum equation of the 1D pipe flow model.
In the unsteady-state cases, not only maximum inundation depth on the ground, but increasing timing and decreasing timing could reproduce the experimental results very well. However, piezometric head was slightly overestimated before the increasing of downstream water level, and reproduced somewhat small differences when the downstream water level was decreased. It is concluded that it was caused by inadequate consideration of exit and entrance head loss between the tank and pipe. Also, inundation starting time of upstream and downstream is almost same.
Therefore, in the next study, adequate considering of head losses between tank and sewer pipe, efficient methods of drain channel treatment are necessary. Also, not only one pipe case but also other cases involving junction and manhole parts should be carried out in order to develop an integrated urban inundation model.
